Multi-disciplinary investigations were conducted near the Kairei and Edmond vent fields, which were first discovered and sampled in 2000 [1] and 2001 [2] , respectively. We also surveyed a previously little studied region between the Edmond vent field and immediately south of the Knorr Seamount. This paper reports the hydrothermal plume anomalies detected during this cruise and discusses their implications.
The first Chinese global expedition on board R/V DayangYihao, the DY105-17A cruise, was conducted from August 2005 to January 2006 to explore and investigate hydrothermal vents along mid-ocean ridges in the Pacific, Atlantic, and Indian Oceans. In December 2005, we surveyed the Central Indian Ridge (CIR) immediately north of the Rodriguez Triple Junction (RTJ). Multi-disciplinary investigations were conducted near the Kairei and Edmond vent fields, which were first discovered and sampled in 2000 [1] and 2001 [2] , respectively. We also surveyed a previously little studied region between the Edmond vent field and immediately south of the Knorr Seamount. This paper reports the hydrothermal plume anomalies detected during this cruise and discusses their implications. system with a full spreading rate of 50-60 mm/a [3] . It is a branch of a ridge-ridge-ridge system centered at the RTJ (Figure 1(a) ). The ridge axis has an overall trend of NNW [4] (Figure 1 ). Two known hydrothermal vent fields, Kairei and Edmond, are located within the southernmost Figure 1 Multi-beam bathymetric map of the working area at the Central Indian Ridge. The base map is from Figure 1 of Gallant and Von Damm [6] . The white lines are tow-yo profiles and the white stars are [9] . (c) Stations near the Edmond vent field (red star). In (b) and (c), the dashed lines show bathymetry contours.
part of the CIR. The Kairei vent field (25°19.2′S, 70°02.4′E) was first discovered by scientists from JAMSTEC (Japan Agency for Marine-Earth Science and Technology) using the ROV Kaiko on board R/V Kairei in August 2000 [5] . It is located at a 20-km-long ridge segment immediately north of the RTJ. The hydrothermal venting occurs high on the eastern rift valley wall, where the seafloor is 2420-2460 m, and is about 1800 m shallower than the maximum rift valley depth [2] . The active vent sites of high-temperature (306°-365℃) are situated on the southwestern flank of the Hakuho Knoll, which has a topographic slope of 10°-30° [ 6] , trends WNW, extends about 80 m along the rift wall, and is about 30 m wide [2] .
The Edmond vent field (23°52.7′S, 69°35.8′E) is about 160 km NNW from the Kairei vent field. The Edmond vent field also occurs on the eastern rift valley wall and at water depth of 3290-3320 m. The main area of the high-temperature vent field is about 40 m 2 [6] . The ridge segments hosting the Kairei and Edmond vent fields are both associated with rift valleys, which are typical of the axial ridge morphology on hotspot-free intermediate spreading ridges such as the Gorda Ridge (60 mm/a) and Galapagos Spreading Center west of 97°W (46 mm/a) [7] . Both the Edmond and Kairei hydrothermal vent fields do not occur at the center of the ridge axis, but are instead located at a distance of greater than 6 km to the east of the spreading axis [6] . Both vent fields occur on the inside corners of left-lateral offset discontinuities of the ridge axis. The Kairei vent field is at the center of the segment, whereas the Edmond vent field is at the northern end of the segment.
Methods
Continuous turbidity measurements were made using six Miniature Autonomous Plume Recorders (MAPRs) on loan from NOAA. Our survey consisted of 16 in situ profiling stations including 9 CTD casts, 7 TVG casts, and 6 tow-yo profiles both along the ridge east wall and across the ridge axis ( Figure 1 and Table 1 ). MAPR instruments were clamped on a co-axial cable at 20 m above a CTD rosette and 50 m above a TV-grabber, with a constant spacing of 20 m. In tow-yo profiles, six MAPRs were installed 20 m above a camera tow vehicle and the spacing between the MAPRs was 70 m. 
Turbidity data processing
The MAPR sensor measures water column turbidity by a light-backscattering sensor [8] . The sensor measurement range is 0-5000 mV with the sensitivity of 0.01 mV. The sampling interval is 5 s. The raw voltage outputs in volt are directly equivalent to Nephelometric Turbidity Units (NTU). The turbidity data were processed to yield the anomalous NTU (i.e., ΔNTU) based on the following three steps:
(1) Removal of the isolated spikes. Spikes in turbidity signals often result from isolated large particles in the water column. We filter out spike point signals beyond the ±1 standard deviations from a moving average of every 11 points in the time-series record, being consistent with previous studies (Sharon Walker, 2008, personal communication).
(2) Between MAPR instrument calibration. For each MAPR we calculate the average turbidity measurement (without spikes) from all deployments at depths of 1000-1200 m, where no plume signals exist. Assigning any MAPR as a reference sensor (MAPR09 in this case), we calculated the differences in the average values at 1000-1200 m between other five MAPRs and the reference MAPR and define them as instrument calibration factors.
(3) Calculation of turbidity anomaly. Within the survey area, the MAPR sensors show instrumental values of about 0.018 ΔNTU for places where no turbidity anomaly exist. We subtracted this constant instrumental value from the turbidity measurements.
Sensor location estimation

GEOPHYSICS
The MAPR sensor locations during both in situ and tow-yo deployments were estimated from the seafloor topography and the ship location, the latter of which was determined by shipborne Seastar differential GPS. The errors in estimating sensor location result mainly from the fact that the sensor-carrying vehicle, which is relatively light-weight, was towed significantly behind the ship during tow-yo surveys. However, for most of the time the tow vehicle was required to be within 50 m from the bottom topography with the aid of a near-bottom altimeter mounted on the tow vehicle. Thus in the absence of detailed data on the wire-out length of the sensor-carrying tow vehicle, we simply shift the vehicle and sensor location to match the topography since the vehicle is mostly within 50 m from the bottom. In Figure  2 the grey line shows the topography along a survey line, the dashed black line denotes the uncorrected sensor track, and the solid black line is the corrected sensor track. Each symbol pair shows the uncorrected (A-G) and the corresponding corrected (A′-G′) sensor locations, respectively. 
Results and discussion
Figures 3 -6 show the turbidity and temperature anomalies recorded by MAPR sensors at in situ stations and along tow-yo profiles.
The Kairei vent field
Six in situ deployments were conducted near the Kairei vent field, including CTD09-11 and TVG07-09. The in situ deployment stations are shown in Figure 1(b) with circles. Turbidity anomalies were detected during all casts (Figure 3) . The typical nose-shaped particle plume is about 100-150 m thick and is mainly concentrated at a depth interval of 2150-2300 m. The water column below the plume is associated with local background turbidity anomalies of about 0.005 ΔNTU relative to the water column above the plume. The maximum turbidity anomaly was recorded during TVG07 deployment (Figure 3(d) ) with a maximum anomaly of about 0.08 ΔNTU at the depth of 2230 m. The vertical thickness of the plume is about 100 m with the upper boundary at 2170 m. A distinct temperature spike of 0.05℃ was detected in TVG08 deployment at the depth of 2350 m, where sharp turbidity anomaly spikes also appeared with a maximum value of 0.03 ΔNTU (Figure 3(e) ). Both the turbidity and temperature spikes indicate that the sensor was very close to an active hydrothermal vent.
We choose the downcast CTD09, during which the measured plume was the highest among the six casts, to compare with the measurements of Rudnicki and German made in June 2001 [9] (Figure 4) . In plume flux calculations, the calculated buoyancy flux is much more sensitive to the observed plume height (to the 4th power), than to the vertical density gradient of the seawater (to the power of 3/2) [10] . Thus the result of comparable plume heights observed in the 2001 and 2005 surveys suggests that the Kairei hydrothermal vent may have maintained its buoyancy flux during the intervening 4.5 years.
The Edmond vent field
Three in situ deployments were conducted above the Edmond vent field (Figure 1(c) ). The vertical thickness of the hydrothermal plume layer is about 400 m and the plume is spreading at a depth interval of 2700-2900 m. The maximum turbidity anomaly of the nose-shaped plume is about 0.13 ΔNTU, which is about 1.5 times the value of the maximum turbidity anomaly observed in the plume above the Kairei vent. At station TVG12, both turbidity and temperature sensors recorded sharp spikes at a depth interval of 3100-3200 m ( Figure 5(b) ). The maximum turbidity and temperature anomalies are up to 0.54 ΔNTU and 0.21℃, respectively. In contrast to the existence of background turbidity anomalies beneath the Kairei plume, there were no observable turbidity anomalies beneath the Edmond hydrothermal plume.
Survey between the Edmond vent field and south of the Knorr Seamount
Turbidity and temperature measurements were made from 24°42′S to 23°52′S both along the eastern rift valley wall and across the ridge axis. Figure 6 shows the results of turbidity measurements along each profile. Values less than 0.01 ΔNTU are represented by the light gray, while values greater than 0.04 ΔNTU are saturated in red. The gray shaded areas show the seafloor topography as determined by a shipboard SIMRAD multibeam bathymetry system. Our bathymetry data collected in the 2005 cruise match very well the online open database (http://www.marine-geo.org) within the survey area where we had good bathymetric records. All the MAPR sensor tracks were corrected to follow the variations in topography. Near-bottom water columns were relatively free of turbidity anomalies from 24°42′S to 24°12′S (Figure 6(a) and (b) ). No turbidity anomalies greater than 0.01 ΔNTU were observed in this region in both in situ stations and the tow-yo profiles along the rift valley wall (Figure 6(a) ). The Knorr Seamount near 24°30′S is as shallow as 2100 m but was not associated with noticeable turbidity anomalies, indicating that there were not active vents near this volcanic feature at the time of our December 2005 survey.
Within the region from 24°12′S to 23°50′S, significant turbidity anomalies were observed at four sections, A-D (Figure 6(b) ), from the depth of 2500 to 3000 m. In section A, turbidity anomalies were recorded at CTD17 station and in the along-axis profile ( Figure  6(b) ), as well as in the across-axis profile (Figure 6(c) ). The turbidity anomalies are concentrated at a depth interval of 2600-3000 m with maximum anomalies of greater than 0.025 ΔNTU. This anomaly extends about 1.85 km along the rift valley wall and spreads at least 2 km towards the rift valley ( Figure 6(c) ). The axial rift valley at this location is deeper than 3500 m, which appears to be too deep to be the location of a turbidity source for a plume rising to the depth of 2600-3000 m. From this geometrical consideration, we suggest that the observed turbidity anomalies near CTD17 might be linked to the anomalies further to the north of this area. Both sections B and C have relatively weak turbidity anomalies of smaller than 0.025 ΔNTU at the depth of 2500-3000 m (Figure 6(b) ). The turbidity anomalies are found from 24°07′S to 24°04′S (section B) and 24°02′S to 24°01′S (section C). The southern end of the anomaly section D is immediately to the south of a suggested plume site at 24°00.3′S, which was detected during Leg 2 of the 1988 GEMINO-3 cruise [11] , while its northern end is at 23°55′S (Figure 6(b) ). The turbidity plume layer is at a depth interval of 2600-3000 m and the maximum anomaly (greater than 0.04 ΔNTU) is located between 23°57′S and 23°56′S. The turbidity anomaly reaches the maximum at the depth of 2700-2800 m, which is close to the depth range where maximum methane and manganese anomalies were observed during the 1988 GEMINO-3 cruise. Noticeable turbidity anomalies with magnitudes of less than 0.03 ΔNTU were also detected in two across-axis tow-yo profiles (Figure 6 [11] , respectively. The color scale is the same as that in Figure 6 . Color for each location reflects the maximum turbidity anomaly value among the six MAPR sensors at that location. The data for base topography map are from http://www.marine-geo.org and the contour interval is 400 m. Labels A, B, C, and D indicate the same areas of noticeable anomalies as shown in Figure 6 (b), but are projected onto the sensor track direction.
MAPR sensors at that location. Only the turbidity data within 1000 m above the seafloor are plotted. The color scale is the same as in Figure 6 . The anomaly sections A to D have the same definition as in Figure 6 (b), but are projected along the sensor track. The hydrothermal plume above the Edmond vent field extends about 4 km to the east. We note that the plumes in these four individual sections and at the Edmond vent filed are at similar water depth. If all the four sections (A to D) are connected to the Edmond hydrothermal plume, the total along-axis length of the plume anomaly would be more than 37 km. The resultant plume incidence p h within the survey area, which is defined here as the length of the ridge axis with plume anomalies greater than 0.01 ΔNTU over the total surveyed ridge length, would be about 0.38. This value is 1.5 times as much as the predicted p h of 0.21-0.25 for the spreading rate of 50-60 mm/a [12] . This suggests that this part of the Central Indian Ridge may be in a period of relatively robust hydrothermal activity.
Conclusions
(1) Strong hydrothermal plume anomalies were recorded over the previously discovered Kairei and Edmond vent fields, with the turbidity anomalies concentrated at depth intervals of 2150-2300 m and 2700-2900 m, respectively. The maximum height of the turbidity anomalies recorded in December 2005 above the Kairei vent field is similar to that recorded in June 2001, indicating that the Kairei hydrothermal vent field may have maintained its buoyancy flux during the intervening 4.5 years.
(2) There are background turbidity anomalies of about 0.005ΔNTU beneath the Kairei hydrothermal plume, but no such background anomalies were observed beneath the Edmond plume.
(3) No visible turbidity anomalies were detected from 24°42′S to 24°12′S including the Knorr Seamount. Thus 24°12′S marks the southern end of the hydrothermal plume.
(4) Significant turbidity anomalies at a depth interval of 2500 -3000 m were detected from 24°12′S to 23°56′S along the eastern rift valley wall at four individual sections where the MAPR sensors have reached an appropriate depth range. Whether these individual sections of anomalies are partly or completely connected remains unknown due to the absence of data from the intervening gaps. If the four sections are indeed connected to the Edmond vent field farther to the north, then the total along-axis length of the plume anomaly would be more than 37 km. This would imply a plume incidence p h of 0.38, greater than the predicted p h of 0.21-0.25 based on the spreading rate of the Central Indian Ridge. This suggests that this part of the Central Indian
